Migratory animals encounter suites of novel microbes as they move between disparate sites during their migrations, and are frequently implicated in the global spread of pathogens. Although wild animals have been shown to source a proportion of their gut microbiota from their environment, the susceptibility of migrants to enteric infections may be dependent upon the capacity of their gut microbiota to resist incorporating encountered microbes. To evaluate migrants' susceptibility to microbial invasion, we determined the extent of microbial sourcing from the foraging environment and examined how this influenced gut microbiota dynamics over time and space in a migratory shorebird, the Red-necked stint Calidris ruficollis. Contrary to previous studies on wild, nonmigratory hosts, we found that stint on their nonbreeding grounds obtained very little of their microbiota from their environment, with most individuals sourcing only 0.1% of gut microbes from foraging sediment. This microbial resistance was reflected at the population level by only weak compositional differences between stint flocks occupying ecologically distinct sites, and by our finding that stint that had recently migrated 10,000 km did not differ in diversity or taxonomy from those that had inhabited the same site for a full year. However, recent migrants had much greater abundances of the genus Corynebacterium, suggesting a potential microbial response to either migration or exposure to a novel environment. We conclude that the gut microbiota of stint is largely resistant to invasion from ingested microbes and that this may have implications for their susceptibility to enteric infections during migration. 
INTRODUCTION

41
The vast communities of microorganisms that make up the gastrointestinal ('gut') microbiota that elucidate microbiota dynamics and mechanisms in natural ecosystems (Amato 2013; 94 Hird 2017).
95
In this study, we aimed to assess the invasion resistance of a long-distance migrant, the Red-96 necked stint (Calidris ruficollis), to ingested environmental microbes whilst controlling for 97 host habitat and physiology. We achieved this by firstly determining the extent to which stint 98 on their non-breeding grounds sourced microbes from their immediate foraging environment, 99 and secondly by examining whether this translated into altered gut microbiota community 100 structures across sites and over time. Importantly, the Red-necked stint provides an 101 especially rare and insightful model species to investigate these questions for three reasons.
102
Firstly, like many shorebird species, young birds remain on the non-breeding grounds for 1.5 103 years following their first migration from their natal sites in Siberia. This allows comparisons 104 between birds that have remained 'resident' on the non-breeding grounds for a full year (at 105 this point 'second year' individuals that are 15 months old) and those that had recently 106 migrated from Siberia, via multiple locations (those three or more years old), providing two Given this study system, if the gut microbiota of stint is not resistant to invasion from 118 environmental microbes, then a series of predictions can be made. Firstly, we predicted that 119 individuals will source a similar proportion of their gut microbiota from their immediate 120 foraging sediment to that found in previous studies of other wild hosts (30-50%). This would 121 be reflected in distinct gut microbiota community structures between flocks occupying 122 different sites. Secondly, we predicted that newly arrived migrants that had recently been 123 exposed to novel suites of microbes during migration (adults) would have a phylogenetically 124 distinct, and more diverse gut microbiota from resident second year birds that had inhabited differences exist between the two groups, it is extremely unlikely that this would be the cause 142 of differences in microbiota community structure. Age is an important factor determining gut suggest that microbiota diversity stabilizes in 3-10 days old chicks (Grond 2017). On this 149 basis, and given that both our resident and migrant groups consist of fully-grown birds that 150 have completed at least one Siberia-to-Australia migration, we do not believe that 151 differences in gut microbiota should exist between second year birds at 15 months old and 152 birds that are 3+ years old due to age per se. The population was then targeted on the 23rd 153 January (n = 13), and again prior to the pre-breeding migration, on the 11th March (n = 18).
154
At this point in their moult cycle adults and second year birds could not be distinguished on Cloacal swabs were taken from stints using sterile swabs (Copan 170KS01), placed in sterile 167 plastic tubes without medium, and kept refrigerated for 3 -5 hours before being stored at - were not relevant to our study. Genomics, Sydney, for amplification using paired 27F/519R primers that amplify a 500bp 186 V1-V3 region of the 16S rRNA bacterial gene, and amplicons were then sequenced using OTUs were detectable by 5000 reads (Fig. S1 ). Sequences classified to the genus oligotyping, using the minimum entropy decomposition pipeline (version 2.1) to reveal fine- sourcing. We repeated this analysis between all groups, and in both directions, to estimate 252 common sources between groups (see Fig. 5a ). However, one bird was excluded from these 253 analyses because it was estimated to source 27% of its gut microbiota from the environment, 254 whilst the median was 0.1% (see Fig. 2b ). We therefore could not rule out that this was due to (Fig. 1a) , but each sample 275 contained a much richer suite of OTUs than present within the individual stints (Fig. 1b) .
276
Both non-breeding sites displayed a distinct sediment microbial profile (Fig. 1b) which was 277 also distinct from the overall stint gut microbiota (Fig. 1c) , with the most abundant OTUs for 278 each site not overlapping with each other (Table 2) .
279
Microbial sourcing from sediment across sites
280
Bayesian analysis with SourceTracker estimated only 1.7% of sediment OTUs at each site 281 shared a common source (Fig. 2a) . However, stint did not source a significant proportion of 282 their gut microbiota from their environment, with an average of 0.16 % (± 0.6 SD) and 0.4 % 283 (± 1.4 SD) of gut microbiota estimated to be sourced from sediment for flocks occupying the 284 Flinders and WTP non-breeding sites, respectively (Fig. 2b) . Stint were estimated to share 285 slightly more OTUs with their own foraging site than the alternative foraging site (Fig. 2a) , 286 but these differences were not significant (t = 1.22, p = 0.23). This low incorporation of 287 sediment bacteria was reflected by the two flocks occupying different sites differing only 288 weakly (but significantly) in their gut microbiota composition ( Fig. 3a ; Adonis test applying 289 Bray Curtis distance matrix, which emphasises differences in abundance: R 2 = 0.02, p = 0.04;
290
Unifrac distance matrix, which takes into account phylogeny but only considers 291 presence/absence rather than abundance: R 2 = 0.05, p = 0.001, n = 85).
292
The weak differences in gut microbiota between the two flocks were attributed to a number (Fig. 3d) .
305
Differences between recently arrived migrants and resident birds
306
At the start of the non-breeding season at Flinders beach, the composition of the gut 307 microbiota of stint that had just returned from migration was distinct from second-year 308 individuals that had inhabited the site for a full year ( Fig. 4a ; adonis test based on Bray Curtis 309 distances; R 2 = 0.10, p = 0.01, n = 29). However, this difference disappeared when using 310 unweighted unifrac distances (adonis test; R 2 = 0.04, p = 0.14). Together, these results
311
indicate that at the start of the non-breeding season the microbiota of both recent migrants 312 and residents consists of phylogenetically similar communities but with marked differences 313 in abundance. These differences primarily resulted from much higher abundances of 314 Actinobacteria in recent migrants (Fig. 4b) , particularly strains of the genus Corynebacterium (Fig. 4c) , and in particular just one OTU that was present in 13 of the 15 migrants in high significantly between months, with individuals both increasing and decreasing over time ( 
